Proteolysis of intracellular proteins serves two important functions in all living organisms: protein quality control by quickly removing misfolded and damaged proteins (13) and regulation of cellular processes by eliciting a critical and irreversible step. A particular protein activity or structure can be specifically removed by proteolysis at the time when it is no longer required or, alternatively, when it becomes harmful to the cell. In both eukaryotic and prokaryotic cells protein degradation is known to be vital for a broad range of biological processes such as cell cycle progression, DNA repair, regulation of gene expression, and cell differentiation (4, 15, 24, 30, 45) . In eukaryotic cells the energy-dependent decay of cytoplasmic proteins is mediated mainly by one large multisubunit complex, the 26S proteasome (3) . In bacteria at least the following five different ATP-dependent proteases contribute to specific proteolysis in the interior of the cell: ClpAP, ClpXP, HslUV, FtsH, and Lon (14) . As a common principle, all of these proteases are composed of a proteolytic domain and an ATPase chaperone domain. Energy-dependent unfolding of the substrate by the chaperone moiety is believed to be the committing and rate-limiting step of proteolysis.
Uncontrolled protein degradation is dangerous for any living cell and must therefore be tightly regulated. But how are proteases able to recognize specific substrates and discriminate these substrates from stable proteins? In eukaryotes, cytoplasmic substrates are specifically modified by polyubiquitination of a side chain lysine. This modification is mediated by multiple ubiquitin ligases and targets the substrates to the 26S proteasome (4) . A similar tagging system has not been discovered in prokaryotes so far, indicating that the turnover signal must be contained within the amino acid sequence of protease substrates. A well-documented example is the SsrA peptide tag, which is added to prematurely terminated proteins during translation and targets them for rapid degradation by the ClpXP protease (16) . Although a recent study in which global protein stability in Caulobacter crescentus was analyzed concluded that up to 5% of the protein species are rapidly turned over (19) , only relatively few unstable proteins have been identified in bacteria so far, and no common sequence motif responsible for targeting these proteins for degradation has been identified. The search for proteolysis signals is complicated by the fact that different energy-dependent proteases seem to have distinct substrate specificities (14, 16, 20) . The only recurring theme is that amino acids essential for the degradation process are often located near the N or C terminus of the unstable protein (14, 15) .
Proteolysis is an essential regulatory component of cell cycle progression in the gram-negative bacterium C. crescentus, and several proteins are specifically degraded during the cell cycle (2, 8, 22, 23, 25, 52) . This offers a unique opportunity to analyze modes of substrate recognition by bacterial proteases and their temporal control mechanisms. A prime example is the proteolytic removal of the flagellar MS ring protein FliF, which an-chors the flagellum in the cytoplasmic membrane. FliF is degraded when a motile swarmer cell differentiates into a sessile, surface-attached stalked cell ( Fig. 1 ), which coincides with shedding of the flagellum (25) . While it is unclear whether FliF degradation is the committing step for flagellar loss during cell differentiation, it has been shown that the C terminus of FliF bears components critical for both flagellar function and FliF destruction (18, 25) . Removal of 26 amino acids from the cytoplasmically exposed C terminus completely abolished FliF degradation (25) , and nine amino acids close to the C terminus were shown to be required for assembly of the flagellar structure (18) .
To gain insight into cis-and trans-acting factors required for FliF degradation, we carried out a high-resolution mutational analysis of the cytoplasmic C terminus and identified the protease responsible for its degradation. Proteolysis of FliF does not rely on a specific primary amino acid sequence but rather seems to depend on the presence of hydrophobic amino acids in the FliF C terminus. While the introduction of charged residues at the very C terminus completely abolished degradation, addition of short stretches of hydrophobic residues could restore degradation of stable truncated mutant forms of FliF. In vivo experiments suggested that FliF degradation requires the ClpAP protease, which is known to recognize its substrates via signals located at the N or C terminus (16, 46, 49) . Finally, electron microscopy analysis failed to demonstrate a clear link between a stable and functional copy of FliF and a failure of flagellar ejection during cell differentiation, suggesting that flagellar release might be triggered by a step preceding FliF degradation.
MATERIALS AND METHODS
Strains and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Escherichia coli DH10B and S17-1 were used as host strains for molecular cloning experiments and as donor strains for conjugational transfer of plasmids into Caulobacter. E. coli strains were grown at 37°C in Luria-Bertani broth (40) supplemented with kanamycin (50 g/ml) or tetracycline (12.5 g/ml) when necessary. C. crescentus strains were grown at 30°C in either PYE complex medium (35) or M2 minimal glucose medium (26) supplemented with kanamycin (5 g/ml), tetracycline (2.5 g/ml), or nalidixic acid (20 g/ml) when necessary. To induce the P xylX promoter in C. crescentus, 0.1% xylose was added to PYE and 0.3% xylose was added to M2 medium.
DNA manipulation techniques. Standard cloning and PCR protocols were used (7, 40) . All PCR products used for cloning were amplified with the highfidelity polymerase Pfu (Stratagene). The integrity of cloned PCR fragments was confirmed by DNA sequencing using the dideoxy chain termination method (41) with an ABI Prism 310 automatic sequence analyzer (Perkin-Elmer). Plasmids were transferred into E. coli by electroporation and into C. crescentus by conjugation.
Cloning of the clpA gene and construction of ⌬clpA and ⌬clpS mutants. The clpA gene from C. crescentus, which is close to the pleD gene on the chromosome (33), was isolated from strain UJ38, which has plasmid pBGS18T integrated at the pleD locus. Genomic DNA from strain UJ38 was digested with HindIII, ligated, and transformed into E. coli DH10B. This resulted in cloning of approximately 9 kb of DNA upstream of the pleD gene, including the clpA locus. The presence of the chromosomal fragment containing the clpA gene was confirmed by restriction analysis, and one positive clone was chosen for further analysis (pMO4). The ⌬(clpS-clpA) and ⌬clpA mutants were constructed by replacing the clpS-clpA internal PstI fragment and the clpA internal SalI fragment, respectively, with an omega cassette (37) . The mutated clpA loci were cloned as ApaI-NheI fragments into the vector pNPTS138, resulting in plasmids pMO36 [⌬(clpS-clpA)] and pMO37 (⌬clpA). Chromosomal replacement was performed by a two-step homologous recombination procedure (23) , which gave rise to the ⌬(clpS-clpA) strain UJ837 and the ⌬clpA strain UJ838. The clpS in-frame deletion was generated by amplifying two 600-bp fragments flanking clpS by using primers Cc2466-F (TCA ACT AGT AAA AGG TCG CCA AGC AGG), clpS-R (TCA AAG CTT CAT CGA CTT GTT CTC TCC), clpS-F (TCA AAG CTT TGC ACC ATG GAA AAG GAC), and clpA-R (TCA GAA TTC TTG AGG TCG ACG CAG TAG). The fragments were digested with SpeI/HindIII and HindIII/EcoRI and subcloned into the vector pNPTS138, resulting in plasmid pDE11. This generated a clpS locus lacking the central 306 bp of the clpS gene (total length, 360 bp). Plasmid pDE11 was then used to replace the wild-type clpS copy on the chromosome with the deletion allele by a two-step homologous recombination procedure (23) , giving rise to the ⌬clpS mutant strain UJ1879.
The ⌬clpA mutation was transduced from strain UJ838 into strains LS1707 (⌬fliF P xyl ::fliF) and LS1218 (⌬fliF) with the help of phage CR30 (1), generating strains UJ967 and UJ1339, respectively. The transduced clpA mutant strains were verified by their morphological phenotypes and by immunoblot analysis with a polyclonal antibody raised against ClpA at a 1:5,000 dilution (unpublished data). Different fliF alleles were introduced into strain UJ1339 by homologous recombination of the corresponding plasmids, giving rise to the strains listed in Table  1 .
Construction of fliF mutant alleles. The fliF alleles fliF-S1, fliF-S2, fliF-S5, fliF-S6, fliF-S7, fliF-S8, and fliF-S9 were generated by two-step PCR (GeneSOEing) (48) by using pUJ70 as the template, primer #157 (5Ј-GCC GTC ACC AAC TAC GAG-3Ј) and the reverse primer (5Ј-GTC AGC GAC ATC GAC CAG-3Ј) as flanking primers, and the following mutagenesis primers: #313 (5Ј-GAA GCA TGC CGA CGA GTC CGT CGC G-3Ј) and #314 (5Ј-GAC TCG TCG GCA TGC TTC TCG ACA AAC-3Ј) for fliF-S1, #315 (5Ј-TTG TCG CGG CCG CGC CCG CGG AGT CGA CCT GAT GGC TAT G-3Ј) and #316 (5Ј-CTC CGC GGG CGC GGC CGC GAC AAA CTC GGA CAC GCG-3Ј) for fliF-S2, #455 (5Ј-CTC GTG CAG CCA GTT ACG-3Ј) and #456 (5Ј-CGT AAC TGG CTG CAC GAG GAC GAT TGA TGG CTA TGA AGC TCG-3Ј) for fliF-S5, #455 (see above) and #457 (5Ј-CGT AAC TGG CTG CAC GAG GCC GCG TGA TGG CTA TGA AGC TCG-3Ј) for fliF-S6, #458 (5Ј-GGC GAC AAA CGC GGA CAC GCG CTT GAT CG-3Ј) and #459 (5Ј-GTG TCC GCG TTT GTC GCC TCG ACC TGA TGG CTA TGA-3Ј) for fliF-S7, #460 (5Ј-CTC GTC ATC CTC ATC CAC GCG CTT GAT CGA CGA-3Ј) and #461 (5Ј-GTG GAT GAG GAT GAC GAG TCG ACC TGA TGG CTA TGA-3Ј) for fliF-S8, and #462 (5Ј-CAC CGC CGC GAT CGA CGA GGC CTT CAC-3Ј) and #463 (5Ј-TCG TCG ATC GCG GCG GTG TCG ACC TGA TGG CTA TGA-3Ј) for fliF-S9. The fliF-polyA allele was generated by PCR by using primers #157 (see above) and #388 (5Ј-CGA ATT CAG GCG GCG GCG GCG GCG GCG GCG GCG GCG GCG GTC GAC TCG TGC AGC CA-3Ј) with plasmid pUJ70 as the template; fliF-⌬8-polyA was generated with primers #157 (see above) and #389 (5Ј-CGA ATT CAG GCG GCG GCG GCG GCG GCG GCG GCG GCG GCG GTC GAC TCG TCG GGA TG-3Ј) by using plasmid pBG10 as the template; and fliF-⌬5-polyA was generated with primers #157 (see above) and #400 (5Ј-CGA ATT CAG GCG GCG GCG GCG GCG GCG GCG GCG GCG GCG GTC GAC GAG GCC TTC AC-3Ј) by using plasmid pBG7 as the template. The BstEII-EcoRI fragment of the PCR products was then used to replace the (44) . Isolated swarmer cells were released into fresh minimal medium at an optical density at 660 nm of 0.3. Samples were removed for immunoblot analysis at 20-min intervals and resuspended in sodium dodecyl sulfate sample buffer (25) . Cell cycle progression was monitored by light microscopy. Total protein, corresponding to equal volumes of culture, was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Immunoblotting was performed as described previously (1) . The anti-FliF antibody (25) was used at a 1:10,000 dilution. A polyclonal goat anti-rabbit immunoglobulin G antibody (Gibco BRL) coupled to horseradish peroxidase was used as the secondary antibody at a 1:10,000 dilution and was detected by chemoluminescence (Renaissance; NEN) on X-ray film (Curix; AGFA). For cells containing stable FliF derivatives correct cell cycle progression was confirmed by determining the oscillating levels of CtrA by immunoblotting by using an anti-CtrA antibody (38) at a 1:10,000 dilution. Microscopy techniques. Cell morphology was observed by light microscopy with an Olympus AX70 microscope. Pictures were taken with a charge-coupled device camera (Hamamatsu C4742-95). Flagellar assembly and structure were investigated by electron microscopy. Cells growing exponentially in minimal medium were harvested, concentrated 10-fold, and fixed with negative stain as described by Aldridge and Jenal (1) . Pictures were taken with a Philips 401 electron microscope.
RESULTS
Cell cycle-dependent degradation of FliF requires the clpA ATPase. The Clp protease is composed of the ClpP peptidase complex flanked by two hexameric ATPase rings (17, 29) . In most gram-negative bacteria two alternative ATPase subunits, ClpA and ClpX, can assemble with the ClpP peptidase (36) . It was found previously that C. crescentus cells contain about 1,600 ClpP complexes, 800 ClpX rings, and 300 to 400 ClpA hexamers, indicating that Clp ATPases and ClpP peptidase are present in the cell at similar concentrations (34; Østerås and Jenal, unpublished observations). In agreement with this, we found that cells containing clpA at a high copy number stabilized CtrA, a known ClpXP substrate (23) , while cells containing clpX at a high copy number were not able to efficiently degrade the FliF motor protein during the swarmer cell-tostalked cell differentiation (Fig. 2D) . This suggested that when there is an oversupply of one of the two Clp ATPases, the specific Clp protease activity mediated by the other ATPase is inhibited and that the ClpAP protease might be involved in FliF turnover. To verify this, the C. crescentus clpA locus was cloned as described in Materials and Methods, and clpA mutants were generated by replacing the chromosomal copy of clpA or of clpA and the upstream clpS gene with an interposon (Fig. 2A) . Unlike a clpX mutant (23), both mutant strains (UJ837 and UJ838) remained viable, but they showed a moderate growth and cell division defect ( Fig. 2B and C) . Swarmer cells of the clpA mutant strains progressed normally through the cell cycle (data not shown). Also, CtrA turnover in the absence of ClpA was indistinguishable from wild-type CtrA turnover (Fig. 2D) (8) . In contrast, the FliF protein was completely stabilized in strains lacking ClpA and was present at high levels throughout the cell cycle (Fig. 2D) . [32] ) grown in the presence of glucose (pMO28 Gluc) or xylose (pMO28 Xyl), UJ838 (⌬clpA), and UJ1879 (⌬clpS). The bottom panel shows the concentration of CtrA during the cell cycle of strain UJ838 (⌬clpA). Cell cycle progression (in relative cell cycle units) is indicated below the panels. (E) Stability of FliF in isogeneic clpA ϩ (LS1707) and clpA strains (UJ967). In both strains, the only copy of fliF is expressed from the P xyl promoter (32). Cells were shifted from a medium containing xylose (fliF induced) to a medium with glucose (fliF repressed), and the time after the shift (in hours) is indicated. After the block of FliF synthesis, the FliF concentration was analyzed for equal numbers of cells by using an anti-FliF antibody. Note that repression of fliF expression had no effect on growth of the cells. The additional FliF band corresponds to a breakdown product of full-length FliF, observed when fliF is expressed from P xyl (32) .
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To confirm that this was caused by stabilization of the FliF protein rather than a change in the expression pattern, we constructed a wild-type strain and a ⌬clpA mutant strain with the only copy of the fliF gene under control of the xylose promoter. The activity of the C. crescentus P xyl promoter can be rapidly repressed by shifting cells from a medium containing xylose to a medium lacking the inducer (32) . After repression of fliF transcription, the FliF protein level was monitored in both wild-type and clpA mutant backgrounds by immunoblot analysis (Fig. 2E) . While FliF was removed rapidly by proteolysis after its synthesis had been stalled in wild-type cells, stabilization of FliF was observed in the clpA mutant strain. This strongly suggested that the ClpA protein is required for FliF degradation in vivo and that the ClpAP protease is responsible for removal of the MS ring structure during C. crescentus cell differentiation. Cell cycle-dependent FliF degradation was not affected in a strain lacking only the clpS gene (Fig.  2D) , indicating that the accessory protein ClpS is not involved in FliF turnover. FliF turnover signal resides at the C-terminal end. The degradation defect of the FliF-⌬5 derivative, which lacked 26 amino acids at the immediate C terminus (Fig. 3A) , was originally observed with a plasmid-borne copy of the mutant allele (25) . To rule out the possibility that the degradation defect was due to a plasmid copy number effect, the fliF-⌬5 allele was inserted into the chromosome of the fliF null mutant strain LS1218 at the fliF locus. FliF was stabilized in the resulting strain, UJ434, confirming the results obtained earlier (Fig. 3B) . All fliF mutant alleles described below were present as single copies in the chromosomal fliF locus (see Materials and Methods). To further confine the FliF turnover signal, additional deletions covering the entire C-terminal cytoplasmic portion were introduced. Removal of 22 amino acids immediately following the second transmembrane domain of FliF (⌬1) (Fig.  3A ) had no effect on protein stability (25) . Similarly, FliF mutant proteins FliF-⌬15, FliF-⌬16, and FliF-⌬17, containing successive deletions of 21, 16, and 14 amino acids, were degraded normally during the cell cycle (Fig. 3) , confirming that the FliF turnover signal is contained within the last 26 amino acids of the protein.
A secondary structure prediction program proposed that two ␣-helices are connected by a short loop in the 42 Cterminal amino acids of FliF (Fig. 3) (18) . These secondary structure elements have been shown to overlap two regions in the FliF C terminus required for flagellar assembly and function (18) . The position of the predicted ␣-helices is used in Fig.  3, 4 , and 5 as relative coordinates of the mutations described. Replacement of the proline residue in the middle of the loop region did not alter FliF stability, suggesting that the presumptive turn region is not critical for recognition of FliF by its cognate protease (S1) (Fig. 4) .
FliF turnover signal does not reside in a specific primary amino acid sequence. To accurately define the extent and nature of the degradation signal at the FliF C terminus, mutant derivatives with short successive deletions of four or five amino acids (⌬I to ⌬VI) (Fig. 3A and 4 ) dispersed over the entire ⌬5 region were constructed and analyzed. Surprisingly, each of these FliF derivatives was degraded normally during the cell cycle (Fig. 4) , implying that the turnover signal was redundant in nature with regard to the primary amino acid sequence.
FliF mutants with longer deletions in the last 28 amino acids that were progressively shortened towards either end of the ⌬5 region were analyzed next (⌬6 to ⌬12) (Fig. 4) . While removal of 21 amino acids from the C terminus (⌬6) clearly interfered with FliF degradation, shorter deletions from this end did not affect proteolysis. The exception was the FliF-⌬8 mutant protein, which was stabilized even though it contained more sequence than the unstable version FliF-⌬7 (Fig. 4) . When the FliF derivatives ⌬12, ⌬11, and ⌬10, which carried deletions whose sizes progressively increased from the upstream end of the ⌬5 region and which extended 10, 15, and 20 amino acids into the critical region for turnover (Fig. 4) , were analyzed only the longest deletion (⌬10) was found to interfere with degradation (Fig. 4) . Loss of the first 10 or 15 amino acids of this region (⌬12 and ⌬11) had no effect on FliF degradation. Together, the results suggested that the essential determinants for turnover could be localized in the center of the ⌬5 region. To test this hypothesis, we investigated cell cycle-dependent turnover of the FliF mutant proteins FiF-⌬13 and FliF-⌬14, which lacked different pieces of the ⌬5 middle region (Fig. 4) . Sur-
FIG. 3. Behavior of FliF derivatives containing long deletions in the cytoplasmic C-terminal domain during the cell cycle. (A)
The positions of the in-frame deletions ⌬1, ⌬15, ⌬16, ⌬17, ⌬5, ⌬I, ⌬II, ⌬III, ⌬IV, ⌬V, and ⌬VI in the cytoplasmic C-terminal domain of FliF are indicated by lines below the amino acid sequence. The ⌬1 and ⌬5 deletions have been described previously (25) . The second transmembrane domain (TM2) is indicated as proposed by Jenal and Shapiro (25) . The shaded sequences have been predicted to form ␣-helical secondary structures (18) . The last two ␣-helices are referred to as helix 1 and helix 2, and the area between them is referred to as the loop region. The region corresponding to helix 2 is critical for flagellar assembly (18) . The numbers beside the amino acid sequence indicate positions in the FliF protein. We took into account the finding that the experimentally verified start codon of FliF is 18 codons upstream of the start codon predicted in the GenBank entry (25) . (B) Immunoblots showing the concentrations of wild-type FliF (FliF-wt) and FliF mutant proteins ⌬15, ⌬16, ⌬17, and ⌬5 during the cell cycle. The cell cycle progression (in relative cell cycle units) is indicated. For flagellar release a plus sign indicates that flagella were assembled but could not be detected at stalk tips, as determined by electron microscopy. NA., not applicable (no flagella were assembled).
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DEGRADATION OF THE CAULOBACTER FliF MOTOR PROTEIN 4965 prisingly, both FliF derivatives were turned over normally during the cell cycle. Together, these experiments excluded the possibility that the degradation signal at the C-terminal end of FliF is contained within a specific amino acid sequence motif.
Charged amino acids at the C-terminal end of FliF abolish cell cycle-dependent turnover. It has been reported that several unstable bacterial proteins have hydrophobic amino acids at or close to the C terminus (6, 8, 12, 27, 39, 47) . To test if the net charge at the C terminus affects FliF degradation, the last two amino acids of FliF (serine-threonine) were replaced with either two aspartate residues or two alanine residues (FliF-S5 and FliF-S6) (Fig. 4) . While the addition of two alanine residues at the C terminus had no effect on protein turnover, substitution with aspartate residues stabilized FliF considerably. Similarly, longer tags with charged amino acids, like the M2 epitope (ADPDYKDDDK), or addition of 10 arginine residues (RRRRRRRRRRLNS) strongly interfered with proteolysis. In contrast, addition of 10 alanine residues to the FliF C terminus (FliF-polyA) did not result in stabilization of the motor protein (Fig. 4) . Rather, the immunoblot signal for this FliF derivative was weaker than that of wild-type FliF, indicating that addition of a long hydrophobic tail progressively destabilized FliF (see below). To test if a polyalanine tail was sufficient to trigger FliF degradation, a tag consisting of 10 alanine residues was added to the stable derivatives FliF-⌬8 and FliF-⌬5. In both cases (⌬8-polyA and ⌬5-polyA), addition of the tag resulted in destabilization (Fig. 4) . This indicated that charged amino acids at the FliF C terminus inhibited degradation, while exposed nonpolar hydrophobic amino acids were able to promote FliF turnover.
In light of these findings, the contradictory results obtained with FliF mutant versions having deletions of various lengths at various positions (⌬6 to ⌬9) might be attributed to the exposure of charged or nonpolar regions at the newly formed C termini. For example, mutant FliF-⌬8 has five charged amino acids within the eight C-terminal residues of its sequence and was stable despite the fact that a slightly shorter version, FliF-⌬7, was degraded normally (Fig. 4) . To test if the high density of charged amino acids exposed at the C terminus of FliF-⌬8 was responsible for the lack of cell cycle-dependent degradation, four of the five charged amino acids were replaced by alanine residues. The concentration of the resulting FliF mutant protein, FliF-S2, fluctuated normally throughout the cell cycle, indicating that increased hydrophobicity or removal of charged residues at the C terminus was able to restore the wild-type degradation pattern (Fig. 4) .
Similarly, when three hydrophobic amino acids close to the C terminus of the unstable, slightly shorter derivative FliF-⌬7 were replaced with charged residues, the resulting mutant derivative (FliF-S8) was stabilized (Fig. 4) . In contrast, changing the two charged amino acids closest to the C terminus of FliF-⌬7 to hydrophobic residues (FliF-S7) did not impair degradation (Fig. 4) . Finally, when two charged amino acid residues exposed at the C terminus of the stable FliF-⌬6 protein were replaced by alanine residues, degradation of the resulting FliF-S9 derivative was partially restored (Fig. 4) , again indicating that as few as two prominently exposed charged residues can result in almost complete stabilization of the FliF protein.
These findings are consistent with the hypothesis that hydrophobicity represents at least part of the C-terminal degradation signal of FliF. However, neither replacement of several hydrophobic amino acids with charged residues in two stretches of the FliF C terminus (FliF-S3 and FliF-S4) nor deletion of these amino acids (FliF-⌬II and FliF-⌬IV) altered the stability of the MS ring protein (Fig. 4) . Thus, the position relative to the C terminus and possibly the three-dimensional arrangement of the hydrophobic residues in the FliF tail region might be critical for the recognition by the proteolytic system responsible for FliF turnover.
A striking feature of FliF mutant derivatives with long hydrophobic tails was a weak immunoblot signal that indicated decreased stability. We reasoned that an extended stretch of hydrophobic amino acids could have altered the specificity of FliF for its protease. To test this, we analyzed the stability of several of these FliF derivatives in a clpA mutant background (Fig. 5A) . Both wild-type FliF and the unstable mutant derivative FliF-⌬7 were stabilized in the absence of ClpA (Fig. 5A) , arguing that truncated versions of FliF can still be targeted into the correct proteolytic pathway. Similarly, mutant FliF proteins with short artificial hydrophobic tails (FliF-S2, FliF-S6, and FliF-S9) were stabilized in the clpA mutant strain (Fig. 5A) . In contrast, proteolytic turnover of FliF proteins with longer stretches of nonpolar amino acids (FliF-polyA, FliF⌬5-polyA, FliF⌬8-polyA, and FliF-S7) was not dependent on ClpA (Fig.  5A ). This suggested that the degree of hydrophobicity at the C terminus is used as a sorting signal to channel unstable proteins into the correct proteolytic pathway. Polyalanine derivatives of FliF remained unstable in mutants lacking one of the alternative ATP-dependent proteases (ClpXP, Lon, and FtsH) (data not shown), suggesting that proteins with extended hydrophobic tails might be recognized and removed by several proteases simultaneously.
To confirm that addition of polyalanine tails indeed altered the stability of FliF, immunoblot and pulse-chase experiments were carried out. While the level and stability of FliF with a polyarginine tail were increased compared to the level and stability of wild-type FliF, the cellular levels and stabilities of polyalanine forms were considerably reduced ( Fig. 5B and C) . In contrast, the FliF-S2 mutant form, which required ClpA for FIG. 4 . Mutational analysis of the FliF C terminus and definition of its requirements for cell cycle-dependent turnover. A schematic diagram of the deletion, substitution, and insertion mutations created in the last 28 amino acids of the FliF C terminus is shown on the left. Immunoblots displaying the concentrations of the corresponding mutant proteins during the cell cycle are shown on the right. The designations of the FliF mutant copies are indicated on the left. The shaded areas in the diagrams indicate the regions that have been predicted to form ␣-helical secondary structures in the C terminus of FliF (18) . The consequences of the mutational alterations for flagellar release are indicated on the right. A plus sign indicates that flagella were assembled but could not be detected at stalk tips, as determined by electron microscopy. NA., not applicable (no flagella were assembled). The flagellar release data were partially adopted from reference 18. The cell cycle progression (in relative cell cycle units) is indicated below the panels. The levels of FliF derivatives shown are quantified and summarized in Fig. S6 in the supplemental material.
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cell cycle-dependent turnover, also showed wild-type-like stability (Fig. 5C ). The MS ring acts both as the platform for flagellar assembly and as a membrane anchor for the flagellar structure. FliF degradation temporally coincides with ejection of the flagellum during C. crescentus cell differentiation. This has led to the hypothesis that timed destruction of FliF might trigger flagellar ejection (25) . Because mutational uncoupling of flagellar assembly and FliF degradation has not been possible so far (18) , this assumption could not be tested. However, full-length FliF molecules with short charged peptide tags (FliF-S5, FliF-M2, and FliF-polyR) not only were stabilized but also retained their normal function in flagellar assembly and motor performance (data not shown). When cells expressing these stable and functional forms of FliF were analyzed by electron microscopy, no flagellar structures were found attached to the tip of the stalk of stalked or predivisional cells (data not shown). Similarly, only a small minority of cells lacking the clpA gene retained the polar flagellar structure during cell differentiation. This indicated that ejection of the flagellum was normal in these cells and that FliF degradation is not a specific prerequisite for flagellar release during the cell cycle.
DISCUSSION
Specific proteolysis is an integral part of development of prokaryotic and eukaryotic cells and is often used to irreversibly shift the balance of regulatory networks or to remodel complex macromolecular structures. Here we tried to address the following two important questions of this posttranslational regulatory mechanism. How are proteins, which are bound for degradation, specifically recognized by their cognate proteases, and how are complex subcellular structures efficiently remodeled or removed by degradation of one or several of their key components? The data presented here outline a detailed analysis of the degradation signal of a membrane-integral bacterial protein, which serves as an assembly platform and anchor of the flagellar motor. Our results indicate that the FliF motor protein is specifically degraded during the C. crescentus cell cycle by the ClpAP protease and that the turnover signal resides in the immediate C terminus of FliF. The signal is not based on a distinct primary amino acid sequence but rather seems to depend on the precise distribution of hydrophobic and charged amino acids. Importantly, protease specificity seems to be determined by the number of amino acids with aliphatic side chains exposed at or close to the C terminus of the FliF membrane protein. While the C terminus is clearly required for specific degradation of FliF, our experiments failed to confirm that FliF turnover is the rate-limiting step for flagellar ejection.
ClpA is essential for FliF degradation. We present evidence that the ClpA ATPase is strictly required for FliF degradation in vivo, which implies that the soluble ClpAP protease is responsible for the degradation of the membrane-integral FliF protein during C. crescentus cell differentiation. However, in the absence of in vitro degradation data, one has to consider the possibility that ClpA or ClpAP could also be required indirectly for FliF turnover (e.g., by triggering the synthesis or activation of an unknown factor, which in turn is required for FliF destruction). Alternatively, ClpA could be involved in a serial activation cascade of two or more proteases, similar to the action of caspases during apoptosis (51) . In support of a direct role for ClpAP in FliF cell cycle turnover, it was found previously that none of the other ATP-dependent proteases present in C. crescentus, including the membrane-bound FtsH protease (10), ClpXP (23), Lon, and HslUV (U. Jenal and M. R. K. Alley, unpublished results), are involved in cell cycledependent degradation of FliF.
Nature of the FliF degradation signal. In order to define the interaction between the ClpAP protease and the FliF substrate, we embarked on a detailed mutational analysis of the FliF C terminus. Our data strongly implied that the degradation signal for FliF is contained within the very C-terminal 28 amino acids of the protein, but extensive mutational analysis of this part of FliF failed to identify a specific primary amino acid sequence responsible for turnover. Short deletions covering the last 28 amino acids as well as amino acid substitutions in this region, all resulted in FliF proteins with a normal cell cycle-dependent degradation pattern. Only larger deletions covering at least 20 of the last 28 amino acids (⌬6 and ⌬10) (Fig. 4) resulted in stable proteins. This suggested that the signals for ClpA recognition contained in this part of the protein must be redundant in nature or that the FliF C terminus could contain multiple ClpA binding sites that functionally overlap. Alternatively, since the folding stability of protein ends is important for the degradation mechanism of N-or C-terminally tagged substrates (31) , part of the information of the degradation signal could be hidden in a particular threedimensional structure of the FliF C terminus.
While hydrophobic regions seemed to be specifically required for FliF turnover, the addition of amino acids with charged side chains to the C terminus clearly interfered with degradation. Replacement of the last two amino acids of the FliF wild-type sequence with two negatively charged residues stabilized the protein, while introduction of two alanine residues at the same site did not interfere with ClpA-dependent Replacing the four charged amino acids located at the C terminus of this mutant form with alanine residues restored wild type-like stability and ClpAdependent degradation during the cell cycle. In contrast, the addition of charges but not the introduction of aliphatic side chains stabilized the normally degraded mutant ⌬7. Together, these findings strongly indicated that strategically positioned amino acids with aliphatic side chains were able to promote ClpA-dependent degradation of FliF, while charged amino acids at or close to the C terminus had the opposite effect. Nonpolar amino acids at either protein end have been shown to be critical turnover determinants for several known ClpA substrates (21, 46, 49) . The best-understood example for ClpA recognition and ClpAP degradation is the SsrA tag, which is added to the C terminus of truncated proteins in a process called transtranslation (28) . In E. coli SsrA-tagged proteins are rapidly degraded by several proteases, including ClpAP and ClpXP (16, 20) , and the information for recognition of the tagged proteins lies entirely within the 11-aminoacid tag. Both ClpX and ClpA recognize aliphatic side chains of the SsrA tag. While the ClpX protein binds to the last three amino acids of the tag, ClpA recognizes three alanine residues and a leucine residue in the first half of the tag (11) . ClpA binding studies and in vitro degradation assays with SsrAtagged substrates have led to the proposal that ClpA might recognize short clusters of aliphatic residues with variations in spacing (11) . This is consistent with our findings for the C. crescentus FliF motor protein, whose degradation also seems to rely on at least two contiguous short stretches of nonpolar amino acids at the C-terminal end. An additional parallel between ClpA-dependent degradation of FliF and SsrA-tagged proteins lies in the observation that the addition of charged amino acids to the very C terminus blocks protein degradation, even though in both cases the residues at the very end of the substrate proteins do not seem to be required for specific ClpA recognition (11, 16, 28) .
Amino acids with aliphatic side chains are critical for recognition of substrate proteins by both ClpA and ClpX. Interestingly, addition of extended stretches of nonpolar amino acids to FliF leads to a relaxed protease specificity. Because the mutant derivatives also showed a clear decrease in stability compared to wild-type FliF, it is likely that they are subject to continuous and uncontrolled degradation. The observation that FliF derivatives with a polyalanine tail were degraded in all single protease mutant strains tested, including clpA, clpX, lon, and ftsH mutants, argued that long hydrophobic tails can target proteins to multiple ATP-dependent proteases simultaneously. Similarly, proteins containing an SsrA tag, which is also composed of mostly nonpolar amino acids, are recognized by multiple proteases (16, 20, 28) .
FliF degradation and flagellar ejection. We postulated previously that the timed destruction of the MS ring protein could be the initial step leading to flagellar release. This idea was supported by the observation that the C. crescentus MS ring, in contrast to the ring structure from Salmonella, is very sensitive to trypsin treatment (M. Kanbe, Y. Umino, S. I. Aizawa, and U. Jenal, unpublished data), indicating that it is a relatively fragile structure. To determine if the flagellar structure was ejected, stalked cells were analyzed by electron microscopy for the existence of a flagellum at the tip of the stalk. The rationale behind this analysis was that a failure to eject the flagellum during the swarmer-to-stalked cell transition would produce a stalked pole occupied by a flagellar structure, a phenotype that has been described for several mutants lacking regulatory components of pole development (5, 43, 50) . However, no flagella were observed at the stalk tips of cells expressing stable but functional FliF mutant forms, indicating that degradation of FliF is not a strict requirement for flagellar ejection. Similarly, cells lacking the clpA gene also did not retain flagella at the stalk tips, even though the FliF protein was completely stabilized under these conditions. Since FliF degradation is independent of other structural components of the flagellum (1), flagellar ejection and FliF turnover might still be initiated by a common preceding step. For example, the rate-limiting step of flagellar ejection during swarmer-to-stalked cell differentiation could be the disassembly of the MS ring. Perturbation of the structure in the inner membrane would lead to flagellar ejection and allow FliF to be degraded by the ClpAP protease. The addition of charged amino acids at the C-terminal end of FliF inhibits degradation but does not interfere with MS ring disassembly and the loss of the axial part of the flagellum. Alternatively, it is possible that specific removal of another component of the flagellar base precedes FliF degradation and triggers flagellar ejection. In this case, FliF degradation could be a direct consequence of the loss of an interaction partner. A preceding event leading to FliF degradation could also explain temporal control of FliF degradation in light of the fact that ClpA levels do not fluctuate during the cell cycle.
